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INFLUENCE OF DEBRIS DENT ON EHD LUBRICATION

by Lavern D, Wedeven
NASA-Lewis Research Center
Cleveland, Ohio

ABSTRACT

Film thickness measurements associated with a debris dent have been made
with interferometry under static and dynamic conditions. The presence of a
debris dent alters the shape of the inlet region so that the local film thickness
at the leading edge of the dent can become substantially lower than the trailing
edge. The pressure modifications associated with these local EHD effects are
in line with the frequent occurrence of surface initiated fatigue spalls originating
at the trailing edge of debris dents. The effectiveness of the EHD mechanism
in reducing the stress concentrations at the shoulders of the dent is related to
inlet dimensions and dent size.

INTRODUCTION

Fatigue spalls of bearing surfaces originate from local regions of plastic
strain. These regions may be associated with subsurface nonmetallic inclu-
sions or surface defects such as dents, pits, furrows, nicks, and scratches
(1-9). Other surface defects in the form of microcracks and micropits appear
to be the result of asperity interaction which can produce local surface distress
(glazing or peeling) (5, 10-12). The fatigue life of rolling element surfaces is
assumed to be determined by a competition between the various modes of crack
initiation and propagation (4, 11).

Improved steels made by vacuum melting processes have fewer and
smaller nonmetallic inclusions. This has contributed substantially to the im-
provement in fatigue life because of fewer subsurface inclusion initiated fatigue

spalls. Consequently, the occurrance of surface initiated fatigue associated with
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local defects (dents, furrows, etc.) has become more frequent (2). This has
precipitated a greater interest and concern for tae effects of lubricant contami-
nation and the development of debris dents (13, 14).

Under dry contact conditions it is easy to understand how the stress concen-
trations associated with surface defects can cause surface initiated fatigue
spalls. The influence of EHD effects is not entirely clear. The purpose of
this paper is to show how local EHD effects can influence the film thickness

(and, therefore, pressure and stress) associated with a debris dent.

NOMENCLATURE
a Hertzian radius of contact
hb inlet gap thickness where pressure is assumed to commence
(hy, = 9hy)
h0 central film thickness
R reduced radius of contact, 1/R= 1/ R, +1/R,

Rl’ R2 radius of contacting bodies

Sf inlet distance defined in eq. (2)

A ratio of film thickness of surface roughness (A = ho/ 0)
o combined surface roughness, ¢ = (o? + 03)1/2

04:09 surface roughness of individual bearing surfaces

7 characteristic inlet angle defined in eq. (3)

EXPLCRIMENTAL APPARATUS
Film thicknesses were made using optical interferometry. The optical
elastohydrodynamic apparatus is shown in figure 1 and described in detail
elsewhere (15, 16). The basic components of the apparatus consist of a ball

which rides against a transparent disk.
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The EHD film thickness between these surfaces was measured by optical
interferometry. Fringes of very gonod visibility were obtained by using a
17-percent-reflecting layer of chromium on the bearing surface of the trans-
parent disk. Interference measurements were made with wavelengths of two
colors (red and green). These were obtained by using a special filter and a
xenon flash lamp as a light source. The details of this system and its calibra-
tion are described more fully in (17, 18). All measurements were carried out
at room temperature (23° 0.

TEST MATERIALS

The test bearing specimens are shown in figure 2. The ball is 0, 02063
meters in diameter and made of AISI 52100 steel. Its nominal surface
roughness is better than 0,018 ym rms (0.7 pin.) and its hardness is approxi-
mately 60 Rc. Other mechanical properties are shown in table I. The
transparent disk is 0. 102 meter in diameter and made of sapphire. It's
mechanical properties are given in table I.

The test ball was supported by three bearings located in a lubricant re-
servoir shown in figure 2. The rotation of the support bearings continuously
supplies lubricant to the test ball.

Most of the tests were performed with a synthetic paraffinic oil that was

designated by the manufacturer as XRM109F3. Other tests were performed

with a high viscosity traction fluid designated by the manufacturer as MCS1218.

The properties of the test fluids are given in table II.
DESCRIPTION OF SURFACE DEFECT
The surface defect that was studied under static and dynamic conditions is
shown in the photomicrograph of figure 3. It canbe classified as a debris
dent. It is believed to have been formed during previous testing (16). Several
such dents, mostly of smaller size (depth and width) were observed on the ball
track. No apparent damage was observed on the mating sapphire disk which

is a much harder material.
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A stylus trace across the dent center is shown in figure 4. The stylus was
rotated about an axis concentric with the ball center so that the ball curvature
could be eliminated. The dent is very shallow, being approximately 80 um wide
and 0.8 pm deep. One side of the dent is more sharply sloped than the other.
The maximum slope is less than 3°. A very slight built-up edge appears at the
shoulder of the more steeply sloped side of the dent.

The size of this defect is slightly larger than those discussed by Tallian
(13, 14) but its depth and width is very similar to that of a typical grinding
furrow reported by Chiu and Liu (19) and Chiu et al. (3). In addition, the
width of the dent is very similar to that shown by Parker and Zaretsky (8) to
have caused a surface initiated fatigue spall. It is of interest to note that the
width of the dent (80 um) is on the order of ten times the mean asperity spacing
obtained from a typical profile trace across a bearing ring surface (7).

STATIC EXPERIMENTS

Figures 5 and 6 show the dent under dry contact conditions for two loads.
The maximum Hertzian pressures, assuming smooth surfaces, are respectively
0.34x10% N/m? (50 000 psi) and 1.2x10% N/m? (175 000 psi). The actual maxi-
mum pressure which will be located at the dent shoulders will be much greater
than this (19).

Using the interference fringes which form within the dent it is possible to
plot the dent shape under various conditions. The dent shapes which will be
shown have been measured along a line which is perpendicular to the axis of
rotation of the ball and which passes through the deepest portion of the dent.

The cross-sectional shape of the dent for the two loads of figures 5 and 6
are plotted in figure 7. Because the dent is very much wider than it is deep
the vertical scale has been expanded. The high load is seen to deform the
dent so that the maximum surface separation is 30 percent smaller than the
depth of the undeformed dent. In addition, the deformation at the dent shoulder,

under the higher load, causes the surfaces to meet at a much sharper angle.
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Figure 8 shows a photomicrograph of the dent in the presence of the syn-
thetic paraffinic lubricant. More fringes are formed within the dent because
the fluid has a higher refractive index than air. The load (37.8 N) is the same
as in figure 6. A comparison of the cross-sectional profiles between the dry
and lubricated case are shown in figure 9. The pressure, and therefore, the
refractive index within the dent under lubricated conditions are not known.
The solid curve corresponds to a refractive index at atmospheric pressure
and the dashed curve corresponds to a refractive index at a pressure equal to
the maximum Hertzian pressure for smooth surfaces.

Comparing the dry and lubricated dent cross-sections in static contact
it is apparent that with no lubricant present the deformation around the dent
is greater than is realized in the presence of a lubricant. The lubricant
appears to become entraped and compressed within the dent and thereby re-
duces the deformation.

DYNAMiC EXPERIMENTS

Observations were made of the debris dent as it passed through the con~
junction region. This was accomplished by taking high-speed single flash
photomicrographs. The xenon flash lamp was synchronized with the ball rota-
tion and could be modified in such a way as to allow the dent to be photographed
in various positions within the conjunction region.

Figure 10(a), (b). and (c) show photomicrographs of the dent in three dif-
ferent positions. The central film thickness (hO) is approximately 0.14 um
which is on the order of six times smaller than the depth of the dent. The

maximum Hertzian pressure, assuming smooth surfaces, is 1.2><109 N/m2

(175 000 psi) and the surfaces are in pure rolling (u = 0,0134 m/s). The cross-

sectional shapes of the dent at the various positions are shown in figure 11(a),
(b), and (c).

When the dent is in the inlet region as shown in figure 11(a) it completely
alters the converging geometry associated with the inlet. The dashed line in
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figure 11(a) gives the smooth surface geometry which is characterized by a con-
tinuously decreasing slope as the Hertzian region is approached. The presence
of the dent locally increases the slope at the leading edge of the dent while at
the trailing edge the slope has changed to the opposite direction. These local
modifications of the shape of the inlet region must surely affect the hydrody-
namic pressure generation in the inlet region. The greater slope at the leading
edge of the dent should be less favorable for pressure generation than the
trailing edge where the slope is in the opposite direction. Evidence of this
can be seen by the local reduction in film thickness at the leading edge of the
dent. This local reduction in film thickness continues to appear as the dent
passes through the Hertzian region as shown in figure 11(b) and (c). The entire
film thickness associated with the dent appears t{o be "frozen in" as it passes
through the Hertzian region.

Further evidence of the local film thickness reduction at the leading edge
of the dent is shown in figure 12. Here the rolling direction has been reversed
so that the dent passes through the conjunction in the opposite direction. The
black fringe corresponding to the film thickness reduction in figure 11 is now
seen on the opposite side of the dent in figure 12. The cross-sectional pro-
file through the center of the dent is shown in figure 13. The reduction in film
thickness at the leading edge of the dent appears to be more pronounced in fig-
ure 11 than in figure 13 where the direction has been reversed. This may be
accounted for by the fact that one side of the dent is more sharply curved than
the other and has a slight build-up of material along its edge. This may also
be the reason for the slight reduction in film thickness observed at the trailing
edge of the dent seen in figure 12 and figure 13.

Figure 14(a), (b), and (c) shows the dent under higher speed conditions
(u= 0.0432 m/s) where the central film thickness is larger (hg = 0.30 pm).

The corresponding cross-sectional film thicknesses are shown in figure 15(a),
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(b), and (c}). The same general features again appear. That is, a film thick-
ness reduction is observed at the leading edge as shown in figure 14(a) and (b)
and figure 15(a) and (b). When the rolling directicn is reversed, as shown in
figures 14(c) and 15(c) a reduction in film thickness at the leading cdge is
again observed but is less pronounced due to the reasons stated above.

Figure 16 shows the dent under conditions where the central film thick-
ness (ho) is 0.78 um which is approximately equal to the depth of the dent. A
high viscosity traction fluid, described in table II, was used in this case so
that the dent could be photographed under speed conditions which were com-
patible with the flash duration of the light source.

While a film thickness reduction is again observed at the leading edge of
the dent it does not appear to be as great in magnitude as the film thickness
reduction measured under the smaller film thickness conditions of figure 11.

COMPARISON OF STATIC AND DYNAMIC RESULTS

There is very strcng evidence that surface initiated fatigue is associated
stress concentrations at the shoulders of dents, scratches, and furrows
(1, 2, 19). The contact problem of an idealized surface furrow under dry con-
tact conditions has been studied by Chiu and Liu (19). Their analysis reveals
that a rise in contact pressure occurs at the furrow shoulders and that high
shear stresses relatively close to the surface occur below the shoulders. The
pressure rise is shown to be a function of the maximum Hertzian pressure, the
combined elastic modulus and the dimensions of the furrow. An important
furrow dimension is the radius of the shoulder. If it is assumed that the plane
strain analysis of (19) can be applied to the dent considered here, the pressure
rise at the dent shoulder for dry contact conditions would be on the order of two
or three times the Hertzian contact pressure.

From the stanapoint of fatigue an important consideration is the influence

of EHD phenomena on the pressure and stress environment at the dent shoulder.
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While pressure and stress calculations have not been made it is possible to de-
duce the modifying trends caused by local EHD effects. This can be accom-
plished by comparing the dynamic film thickness measurements of the dent with
the static dry coutact dent profile and the undeformed dent profile (stylus trace).

The static measurements of the heavily loaded dry contact shown in fig~
ure 7 can, for comparison purposes, be considered as a severe stress condi-
tion. The heavily loaded condition corresponds to the same load used in the dy-
namic experiments where the maximum Hertzian pressure, assuming smooth
surfaces, is 1.2x102 N/m? (175 000 psi).

The interference fringes measure the separation between the surfaces and
not the absolute deformation. The gap between the surfaces within the dent is a
result of the deformation of both the steel ball and the sapphire disk. Since the
steel ball has an elastic modulus approximately one half that of sapphire it will
elastically deform to a greater degree than the sapphire.

If there were no EHD effect on the pressure distribution around the dent
under lubricated conditions we would expect the dent skape to look like that of
the heavily loaded profile of figure 7 with an additiona! feature o” the presence
of a uniform film thickness (ho) separating the surfaces. The pressure distri-
bution around the dent would be identi-al to that of the dry contact case. That is,
the pressure within the cavity created by the dent will be zero and there will be a
pressure rise of two or three times the Hertzian pressure around the shoulder
of the dent.

This heavily loaded dry contact profile is compared with the lubricated pro-
file in figure 17 where the central film thickness is 0.14 ym. The two profiles
hare been superimposed so that the deepest point of the dent on each profile coin-
cides. Comparison of the two profiles shows that the dent is not as severely de-
formed under lubricated conditions as it is under dry contact conditions. In addi-
tion, there is less deformation at the leading edge of the den! than the trailing
edge.

L. RODUCIBILITY OF THE.
ORIGINAL PAGE IS POOR
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In figure 18 the undeformed dent profile obtained from the stylus trace is
compared with dent profile under the dynamic cenditions of figure 17. In con-
trast with the dry contact profile, the undeformed profile can be thought of as
representing the dent shape where the influence of EHD has created a pressure
environment around the dent which allows the dent to pass through the Hertzian
region in an " undeformed” state:. i.e., the pressure around the dent is every-
where equal to the Hertzian pressure for smooth surfaces. Comparing the pro-
files of figure 18 shows that under dynamic conditions where the film thickness
is 0.14 pm the local deformation around the dent is significantly greater than
its undeformed condition.

Figures 19 and 20 compare respectively the dry contact and undeformed
dent profiles with the dent profile under much larger film thickness conditions
(h0 = 0,78 um). Under these larger film thickness conditions the deformation
around the dent is far less than the dry contact case shown in figure 19 and
approaches very closely the undeformed profile as shown in figure 20.

DISCUSSION

The experimental observations and measurements provide a rcasonably
clear understanding of the EHD phenomena associated with the presence of a
surface defect such as the debris dent considered here. Under pure rolling
conditions the local FHD film thickness in and around the dent are developed
during its passage through the inlet region. The dominating influence that the
inlet region has on film thickness is well established (17, 20). The additional
feature illustrated here is that EHD effects are very local in nature. The
local film thickness that is associated with a given element in the Hertzian
region is the result of the integrated hydrodynamic pressure that element has
cncountered while rassing through the inlet region. If a surface defect sub-
stantially modifies the shape of the inlet region as shown in figure 11(a) it will

also modify the local hydrodynamic pressure generation and local film thick-
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ness within that region. Because the surface modification at the leading edge
of the dent is less favorable for pressure generation than the trailing edge the
local film thickness is observed {o be slightly luwer at the leading edge than it
is at the trailing edge.

Because of the importance of the inlet region it is instructive to compare
the characteristic inlet dimensions with the dimensions of the debris dent. The
inlet region can be defined as the region upstream of the Hertzian region where
significant hydrodynamic film forming pressure is generated. The inlet region
has a finite size which varies with the thickness of the central film thickness
(hO). Ii. the work on starvation (17) two inlet dimensions (Sf and hb) as
shown in figure 21 were used to describe the boundaries of the inlet region.
The dimension of hb can be thought of as the thickness of the inlet region gap
where significant hydrodynamic pressure commences, and the dimension of Sf
can be thought of as the distance over which the inlet pressure is generated.

As shown in (17) these inlet dimensions are related to hO in the following way

by, = 9h, M
(RhO)Z/ 3
S; = 3.52 - @)
a1/3

Values of hb and Sf for the three central film thicknesses used in the exper-
iments are shown in table III. For the film thickness range considered here Sf
is between onc and two orders of magnitude larger than hb indicating that the
convergent inlet region is a great deal longer than it is thick. This feature is
characteristic of many debris dents. The one considered here is much longer
(80 um) than it is deep (0.8 um).

if a characteristic inlet convergence angle ¢ is defined as illustrated in

figure 21 it can be shown that

e USRI
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(ah0)1/3

¢ =arc tan 2. 27 —— 3)

R2/3

Values of the inlet angle ¢ for the three experimental film thicknesses, as
shown in table IlI, are very small. on the order of onc degree. This is smaller
than the average asperity slope of many bearing surfaces. It is also smalle:
than the maximum slope within the debyris dent (2.70). The data in table III
shows that the physical size of the inlet region, measured in terms of hb’ Sf‘
and ¢. increases with the central film thickness (ho). As the inlet cegion be-
comes larger the film forming hydrodynamic pressure generation associated
with this region becomes less affected by locul surface defects. This is why
the dent profile under the larger film thickness condition of figure 20 ap-
proaches that of the undeformed profile measured by the stylus trace.

The EHD phenomenon in the inlet region presents the dent to the Hertzian
region with a fixed film thickness distribution that does not change while pass-
ing through the Hertzian region. There is no "leakage' of the fluid and loss of
film thickness as is frequently stated. The reduction of filin thickness is a
resclt of the loss of local EHD pressure generation while passing through the
inlet region,

When whe dent reaches the Hertzian region it is subjected to a very high
pressure environment. While the film thickness around the dent remains
relatively fixed during its passage through the Hertzian region the absolute
pressure may vary considerably.

When the central film thickness is very small, approaching that of the
dry contact case of figure ¢, the local pressure around the dent shoulders may
be substantially above that of the Hertzian pressure for smooth . irfaces while
the pressure within the dent cavity may be substantially below the Hervzian
pressure for smooth surfaces. The pressure peak at the dent shoulders will

create a local stress concentration slightly below the surface which may
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eventually lead to ''surtace initiated" spalling fatigue (19).

When the central film thickness is relatively large as shown in fig.re 16
there is considerably less local elastic deformation around the dent snoulders
as shown in figurc 19. That is, the dentapproaches the undeformed shape.
This implies that the pressure around the dent will approach that of the case
for smooth surfaces and that local stress concentration at the dent shoulders
will be substantially reduced from the dry contact case.

An intermediate central film thickness as shown in figure 11 results ina
condition where the EHD filin thickness modifications are slightly diffecent for
the leadiag and trailing edges of the dent. The local reduction in film thick-
ness at the leading edge must be accempanied by a reduction in pressure and
stress concentration. The trailing edge, however. does not receive the same
benefit. These fiim thichness measurements may be a contributing ractor in
connection with the frequent observations of surface initiated fatigue spalls
originating at the trailing edge of debris demrs (1. 2).  Figure 22() and (b
shows typical fatigue spalls which have originated at the trailing edges of
debris dents.  These fatigue spails are from the inner races of 207-size deep
groove ball bearing tests reported by Parker (9. Figure 22() and (¢) show
debris dents from the saine bearing test program.  Microcrocks can clearly Hhe
scen at the trailing edge of the dents.  An additional feature shown in figure 22d)
is the surface glazing at the leadirg edge and sides of the dent. Such glazing,
which does not appear at the trailing edge, must correspond to the lower {ilm
thickness which occurs at the leading edge and sides of the dent as shown in
figure 10, This type of glazing or peeling is very frequently observed at the
edges of dents, furrows, and scratches. I the A ratio (hu/o) is smali the
glazing would be expected to appear on all sides »f the indented Zefect. A lar-
ger A ratio is expected to show surface glazing only at the leading cdge like
that of figure 22(d). This type of info rmation may be helnful dunng post-test

evaluations,
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The present study has concentrated on pure rolling conditions. [f sliding
as well as rolling is present additional EHD effects appear. Figure 23 and
figure 24 show the film thickness distribution around the dent under conditions
where the ball surface, which contains the dent. is moving faster than the
sapphire cdisk. Local film thickness modifications occur at the converging
and diverging sides of the dent as a result of the EHD effects asscciated with
the relative surface velocity wtile passing through the Hertzian region. When
the dent profile is compared with the undeformed profile as shown in figure 24
there appears to be a substantial increase in film thickness on the trailing
side of the dent. This local increase in deformation due to sliding is in line
with the results reported by Jackson (21) and Cheng (22). The presence of
sliding may increase the stress concentration at the trailing edge. The leading
edge. according to Chiu (3) may benefit from a reduction in local pressure
under sliding conditions. These EHD effects associated with sliding will be
located on the opposite sides of the dent for the case where the indented ball
surface is moving slower than the sapphire disk. The implication that the
presence of sliding creates additional pressure and stress concentration is in
line with the detrimental effect sliding has on surface initiated fatigue (1) and
the existence of pressure rippling (23).

CONCLUSIONS

The film thickness measurements associated with a debris dent under the
static and dynamic conditions considered here lead to the following conciusions:

(1) Comparison of the dry and lubricated dent profiles in static contact
shows that the elastic deformation associated with the dent is reduced by the
lubricant trapped within the dent cavity.

(2) Under dynamic conditions the amount of elastic deformation associated
with the dent varies with the central film thickness. As the central film thick-

ness increases the dent approaches its undeformed shape.

REPRODUCIBILITY OF .M.
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(3) A reduction in film thickness can occur at the leading cdge and sides
of the dent. This can be explained by the local EHD pressure modifications
the dent has created during its passage through the inlet region.

(4) For pure rolling, the EHD effects associated with a debris dent is
determined by the degree of modification the dent introduces to the shape of
the inlet region. The size of the dent can be compared with the physical size
of the inlet region using the characteristic inlet dimensions derived pre-
viously for lubricant starvation.

(5) The measurement of the dent profile under increasing film thickness
conditions leads to the implication that the pressure and stress concentra-
tion associated with the shoulders of the debris dent is gradually relieved as
the film thickness increases. In addition. the leading edge of the dent is re-
lieved to a greater extent than the trailing edge.

(6) The measurement of a dent profile under conditions of sliding as well
as rolling indicates the possibility of very substantial local pressure modifi-
cations due to EHD pressure generation as the dent passes through the Hert-
zian region.
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TABLE 1. - BEARING MATERIAL PROPERTIES

Elastic modulus

Poisson's ratio

Ball Disk
Material 52100 Steel Sapphire
Compressive strength | 1. 4x10° N/m? 2x10% N/m?

0.3 0.47
Hardness 65 R, 9 Moh
Roughness 0.08 um rms | Optical polish

204x107 N/m?

465x16° N/m?

TABLE II. - PROPERTIES OF TEST FLUIDS

Synthetic paraffinic oil
(XRM109F3)

Traction fluid
(MCS 1218)

Viscosity

Density

Pressure

vis. coeff.

Refractive index

45,830 cs at 17.8° C
493 cs at 37.8° C
42.6 cs at 98.9° C

0.8389 g/cm® at 37.8° C
0.8082 g/cm3 at 93.3° C
0.7777 g/cm® at 149° C

1.99x10"8 m?/N at 37.8° C
1.55x10~8 m2/N at 99° C
1.2921078 m2/N at 140° C

1.4689

1418 cs at 37.8° C
180 cs at 58.3° C
18.37 cs at 98.9° C

0.94 g/cm® at 21° C

5.8x10"8 m%/Nat 58.3° C

1.511

TABLE III. - VALUES OF INLET DIMENSIONS
hO» 90' hb- Sf!
pm deg pm pm
0.14 0.71 1.26 90
.30 .91 2,70 151
.78 1.25 7.02 286
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Figure 1. - Optical EHD rig.
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Figure 2. - Test bearing specimens.
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Figure 3. - Photomicrograph of debris dent.

Figure 4. - Stylus trace across dent center.
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Figure 5. - Photomicrograph of ent i1, dry static contact under low load.

Figure 6. - Photomicrograph of dent in dry static contact under high load, 37.8 N-
Pmax = 1.2x10% Nim2 (175 000 psi),
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(pyaxx10” Nim?)
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0 -0 2 0 X 4
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Figure 7. - Comparison of dent cross -sectional

profiles foi two loads under dry static contact
conditions with undeformed profile.

Figure 8. - Photomicrograph of dent in lubricated static contact; load, 37.8 N;

Pmax * 1 2110 NimZ.
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Figure 9. - Dent cross-sectional pro-
files for dry and lubricated contact
conditions; lgad, 37.8 N, ppay *
L2109 NS, max
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Figure 10. - Photomicrographs of dent in three different positions: h, =0.14um, p .. = 1. '1x10° N/mz, us

0.0134 m/s,
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Figure 13. - Dent profile of Fig. 12 where rolling directior. has
been reversed, h, = 0.14um, u - 0.0134 m/s.
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Figure 14. - (3} and (bi: Photomicrograph of dent in two different locations hg = 0.30 pm, p, .. = 10’
N/mz, u »0.0432 m/s; (c) rolling direction reversed,
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Figure 21. - Schematic drawing showing charac-
teristic inlet dimensions.
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Figure 22, - Spalls (a) and (b) and pre-spall cracking (c) and (d) at surface dents,
(Arrows indicate spall formation at trailing edge of dents.}

_——

T S

[T ——



—

o Po———-

Figure 23. - Photomicrograph of dent under combined rolling and sliding conditions;
hg = 0.2 um.

1.2
)\'A
8 ‘&Qn ,
A S T
0.4
QB MET T
~200 -160 -120 -80 -40 0 Q0
X, um

Figure 24. - Comparison of undeformed dent profile
with rolling/sliding profile of Fig. 23; hO = 0. 26 um,
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